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We report an electrical transport study in Ca2−xSrxRuO4 single crystals at high magnetic fields
(B). For x = 0.2, the Hall constant Rxy decreases sharply at an anisotropic metamagnetic (MM)
transition reaching its value for Sr2RuO4 at high fields. A sharp decrease in the A coefficient of
the resistivity T 2-term and a change in the structure of the angular magnetoresistance oscillations
(AMRO) for B rotating in the planes, confirms the reconstruction of the Fermi surface (FS). Our
observations and LDA calculations indicate a strong dependence of the FS on the Ca concentration
and suggest the coexistence of itinerant and localized electronic states in single layered ruthenates.
PACS numbers: 72.15.-v, 71.30.+h, 72.15.Gd, 72.25.Ba
The single layered ruthenates Ca2−xSrxRuO4 have a
quite complex phase-diagram as function of doping x
[1, 2]. While Sr2RuO4 is a rare example of a well-defined
two-dimensional Fermi liquid (FL) [3, 4] displaying spin-
triplet superconductivity, the complete replacement of Sr
by the isovalent element Ca produces to the Mott insula-
tor Ca2RuO4 [1, 5]. A series of correlated metallic states
are protruded between both extremes.
In this system the relevant 4d-orbitals belong to the
t2g-subshell and are degenerate. The planar structure
conducts to very weak hybridization between orbitals
which have either even (dxy) or odd (dyz, dzx) parity
under the reflection z → −z. These orbitals lead in
Sr2RuO4 to a Fermi surface composed by three warped
cylinders [6]. The α and β sheets arise from 1D chains
of dyz; dzx orbitals while the γ FS sheet originates from
a 2D network of planar dxy orbitals. Starting from the
undistorted Sr2RuO4, Ca substitution initially stabilizes
the rotation of RuO6 octahedra. This induces an en-
hancement of both the low T magnetic susceptibility
χ(T ) and the Sommerfeld coefficient characterizing the
electronic contribution to the specific heat [7]. Both
quantities display a pronounced maximum at a critical
value xc = 0.5 where the crystallographic structure of
the Ca2−xSrxRuO4 series changes from tetragonal to or-
thorhombic through a second-order structural transition
[1]. For stronger Ca concentrations and as we approach
the Mott transition at x . 0.2, χ(T ) is strongly sup-
pressed by the emergence of AF correlations.
This complex evolution has led to various theoretical
proposals, in particular to the idea that some of the
d-orbitals display localized spin and orbital degrees of
freedom, while others provide itinerant carriers. This
so-called orbital-selective Mott transition (OSMT) [8]
could, for instance, explain the experimental observa-
tion of an effective spin S very close to the value 1/2
for 0.2 ≤ x ≤ 0.5 [7] which is difficult to understand
within an entirely itinerant description. However the con-
cept of orbital-selective Mott-transition was challenged
by the the dynamical mean field (DMFT) calculations
of Liebsch [9] which suggest that two bands of different
widths coupled by electron-electron interactions always
undergo a single simultaneous Mott transition. Koga et
al. claim that this apparent discrepancy can be solved
by taking into account a finite Hund coupling in Hub-
bard models considering multiple bands with different
bandwidths [10]. In contrast, according to Okamoto and
Millis [11] Hund coupling would in fact stabilize a given
system against orbital ordering preventing the occurrence
of the OSMT. Finally, a recent photoemission study in
Ca1.5Sr0.5RuO4 finds that the geometry of the α and β
FS sheets remains almost unchanged respect to Sr2RuO4,
with the γ sheet exhibiting a hole-like FS in contrast to
being electron-like in the pure Sr compound [12]. The ob-
servation of all three volume conserving FS sheets would
demonstrate the absence of OSMT in Ca1.5Sr0.5RuO4.
To clarify the possible existence of localized carriers
within a metallic d-electron system as proposed by the
orbital-selective Mott-transition model, we performed a
detailed electrical transport study at high magnetic fields
in Ca2−xSrxRuO4 single crystals for x = 0.2 and 0.5. In
particular, we studied the Hall effect and the angular de-
pendence of the magnetoresistance or AMRO, which is
a technique commonly used to define the relatively sim-
ple two-dimensional (2D) FS of layered organic metals
[13], and which has already provided valuable informa-
tion about the FS of Sr2RuO4 [14, 15]. Our measure-
ments reveal a profound modification of the original FS
of Sr2RuO4 upon Ca doping and a severe reconstruc-
tion of the FS of x = 0.2 at a metamagnetic transition.
These observations are consistent with the proposed ex-
istence of localized d-electronic states in Ca2−xSrxRuO4
2FIG. 1: Upper panel: In-plane resistivity ρ for a Ca1.8Sr0.2
RuO4 single crystal as a function of the field B applied along
the inter-plane direction at T = 22 mK. Lower panel: Inter-
plane resistivity ρzz normalized respect to its zero field value
ρ0, as a function of the external fieldB oriented along different
crystallographic orientations and at T ≃ 0.6. In both panels a
pronounced peak is observed at an anisotropic metamagnetic
transition.
(for 0.2 ≤ x ≤ 0.5).
The upper panel of Fig. 1 shows the in-plane resistivity
of Ca1.8Sr0.2RuO4 single crystal at T = 22 mK and as a
function of the field B applied along the inter-plane direc-
tion. While the lower panel of Fig. 1 shows the relative
change of its inter-plane resistivity (ρzz - ρ0)/ρ0 (where
ρ0 is the residual resistivity at B = 0) as a function of B
at T = 600 mK and for four orientations respect to B (as
indicated in the figure). For all orientations both ρ and
ρzz display pronounced positive magnetoresistivity pre-
ceding a sharp peak beyond which the system displays
a remarkable negative magnetoresistance (the exact po-
sition in B is sample dependent). Notice how ρ at high
fields decreases beyond its value at B = 0. This peak
is produced by a metamagnetic (MM) transition, i.e.,
a rapid increase in magnetization between two distinct
paramagnetic states, the first one characterized by short-
range antiferromagnetic correlations and the second one
dominated by ferromagnetic-like interactions [7]. Both,
the position of the metamagnetic critical field BMM (as
defined by the peak in the resistivity) as well as the back-
ground magnetoresistivity display a remarkable orienta-
tion dependence.
The color plot in Fig. 2(a) shows the exponent n =
∂ ln(ρ−ρ0)/∂(T ) of the in-plane resistivity ρ in a limited
range of the T − B space. The purple regions emerg-
FIG. 2: a) The exponent n = ∂ ln(ρ−ρ0)/∂(T ) of the in-plane
resistivity ρ in the B−T plane. The Fermi-liquid ground state
is always observed at lower T s. The white symbols describe
the evolution of the A(= (ρ−ρ0)/T
2) coefficient as a function
B. b) The Hall resistance RH and the Hall constant Rxy as
a function of B at T = 230 mK. Notice the sharp decrease in
Rxy at the metamagnetic transition.
ing at low temperatures reveal the existence of a Fermi
liquid (FL) ground state (n = 2). Notice how the char-
acteristic temperature TFL below which FL-like behav-
ior is observed increases with B. The white line and
markers indicate the evolution in B of the resistivity’s
A = (ρ − ρ0)/T
2 coefficient which shows a pronounced
decrement at the transition. At B = 0, A is proportional
to the square of the density of states at the Fermi level
ρ(ǫF )
2 via the Kadowacki-Woods ratio. This reduction
in ρ(ǫF ), confirmed by heat capacity measurements [16],
points towards a reconfiguration of the FS at the MM-
transition. Furthermore, the decrease in A coupled to an
increase in TFL has usually been taken as an indication
of the close proximity of a given system to a quantum
critical point at B = 0 [17], which in our case is prob-
ably associated with the Mott transition. The fact that
A and TFL as well as the lattice constants [18] change
continuously with B, while ρzz shows a discontinuity at
the metamagnetic transition suggests that it corresponds
to a percolation-like first-order transition as proposed by
Ref. [19]. Fig. 2(a) shows no evidence of critical behav-
ior as expected for a first-order metamagnetic transition.
While Fig. 2(b) shows the most relevant result of this
study, the Hall resistance RH = VH/I, where VH is the
Hall voltage and I the electrical current, and the Hall
constant Rxy = RH · t/B, where t is the sample thick-
ness, as a function of B at T = 230 mK. At such low T s,
Ref. [20] has demonstrated that one reaches the elastic-
scattering regime where RH is determined mainly by the
FS topography rather than by the details of the scatter-
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FIG. 3: a) Inter-plane resistance Rzz as a function of the
angle φ between B and an in-plane axis for a Ca1.8Sr0.2RuO4
single crystal at T = 0.6 K. Notice how the low field two-fold
periodicity progressively becomes four-fold at high fields after
the metamagnetic transition is crossed. b) Rzz for a Sr2RuO4
single crystal as function of the angle φ and for several values
of B and at T ≃ 50 mK. Notice the progressive emergence of
a new periodicity at higher fields. In both graphs, all curves
are vertically displaced for clarity.
ing mechanism. Notice how the absolute value of Rxy de-
creases through the metamagnetic transition from nearly
2.5±0.5×10−10 m3/C at very low fields and saturates at
the value of ≃ 1± 0.05× 10−10 m3/C, which is precisely
the value reported for Sr2RuO4 [20]. This indicates an
important modification of the original band structure of
Sr2RuO4 upon Ca doping as well as a severe reconstruc-
tion of the FS at the metamagnetic transition. The Hall
mobility Rxy/ρ decreases rapidly from ∼ 6.5 cm
2/Vs at
B = 0 to a value of about ∼ 1.5 cm2/Vs at BMM saturat-
ing at high Bs to a value of ∼ 4.0 cm2/Vs reflecting an
increase in scattering events. Thus, the increase in con-
ductivity above the transition cannot be attributed to an
increase in mobility, but it reflects perhaps the reduction
in the effective mass of the charge carriers. Notice that
in multi-band systems such as the ruthenates, whose FS
may be composed by both electron and hole FS sheets,
Rxy is no longer ∝ n
−1
c where nc is the number of charge
carriers. Although the abrupt change in Rxy cannot be
interpreted as a change in FS volume, this metamagnetic
behavior bears similarities with the metamagnetism fol-
lowed by colossal magnetoresistive-like behavior seen in
the Ca3Ru2O7 system and which is ascribed to the desta-
bilization of an orbital-ordered state [21]. Similarly, in
FIG. 4: Inter-plane resistance Rzz as a function of the angle
θ between the external magnetic field B and the inter-plane
c-axis for a Ca1.8Sr0.2RuO4 single crystal at T = 0.6 K.
our case it could also indicate the existence of localized d-
electron states that are destabilized by the external field.
Figure 3(a) shows the inter-plane resistance Rzz of a
Ca1.8Sr0.2RuO4 single crystal at T = 0.6 K and as a func-
tion of the azimuthal angle φ between B and an in-plane
axis for several values of B below and above BMM(as in-
dicated in the figure). All curves are vertically displaced
for clarity. At low fields, Rzz(φ) is essentially two-fold.
A similar magnetoresistive effect, but displaying four-
fold periodicity (that reflects the angular symmetry of
the CuO2 planes which leads to a four-fold modulation
in kF , vF and τ), was reported in the tetragonal com-
pound Tl2Ba2CuO6 [22] as well as in Sr2RuO4 [15]. Here,
the two-fold sinusoidal-like dependence, which reflects
the symmetry of the orthorhombic structure, progres-
sively disappears as the MM-transition is approached.
As B further increases a new, nearly four-fold, periodic-
ity emerges. This unique evolution of the AMRO data
across the MM-transition is consistent with the recon-
struction of the FS revealed by Rxy. It cannot be simply
explained in terms semiclassical orbits exploring the ge-
ometry of the FS in greater detail at higher fields. To
illustrate this point in Fig. 3(b) we show Rzz(φ) for a
Sr2RuO4 single crystal at T = 50 mK and for several
values of B (traces are vertically displaced for clarity).
At lower Bs one clearly observes the four-fold AMRO
but as B increases its amplitude increases with a new
periodicity emerging and overlapping it. The new struc-
ture reflecting the warping of the FS, does not emerge
in detriment of the lower field one(s), contrary to the
x = 0.2 case. More importantly, even above the meta-
magnetic transition the symmetry of the FS for x = 0.2
remains essentially two- and not four-fold.
A two-dimensional FS composed of three open cylin-
ders, as seen by ARPES for x = 0.5, would generate a dis-
tinctive polar AMRO (ρzz(θ,B) where θ is the angle be-
tween B and the c-axis), as seen for instance, in Sr2RuO4
[14]. For very low levels of disorder, one should observe
4a series of peaks, periodic in tan(θ), due to the Yamaji
effect [23]. While for disordered systems one might ob-
serve only a small amplitude single sinusoidal component
showing a minimum for B ‖ c-axis. Nevertheless, as seen
in Fig. 4 which shows Rzz(θ) at T = 0.6 K and for
several field values, a very pronounced AMRO is indeed
observed for x = 0.2 but it does not display an angular
structure compatible with the above discussion. A quite
similar but far less pronounced AMRO (as well as MM
behavior) is observed also in x = 0.5 (not shown here).
The origin of the observed dependence remains unclear,
although it is similar to that of the so-called Lebed oscil-
lations seen in quasi-one-dimensional organic conductors
[24]. Were this their correct description, it would imply
that the 2D γ FS sheet has moved below ρ(ǫF ) while the
α and/or the β Q1D FS sheets would survive this level of
doping. Quasi-one-dimensional FS sheets with a certain
degree of nesting would explain the development of AF
correlations and would be compatible with the two-fold
azimuthal AMRO. Notice that according to Ref. [25] the
rotation of the RuO6 octahedra is expected to seriously
reduce the occupation of the γ band. In any case, this un-
usual polar AMRO implies that high levels of Ca doping
modifies the original FS of Sr2RuO4 at the point that it
no longer reveals a clear 2D character, in sharp contrast
with the ARPES measurements [12].
In order to understand the evolution of the FS as a
function of Ca doping, LDA calculations were done us-
ing the LAPWmethod and the neutron crystal structures
[18] of x = 0 at 180 K (S0 short octahedra, Mott insula-
tor), of x = 0 at 400 K (L0, long octahedra, metal) and
x = 0.5 at 10 K (L5). For the S0 an antiferromagnetic
state, m ∼ 2µB is predicted; the electronic structure has
very narrow bands atEF , favorable for the observedMott
insulating ground state. The L0 structure is an itinerant
ferromagnet, m ∼ 1µB in the LDA. Electric field gradi-
ents (EFG) are sensitive probes of orbital occupation. A
large change is found between the L0 and S0 structures:
the average Ru EFG’s are -4.9x1021 V/m2 and +4.3x1021
V/m2, for paramagnetic L0 and antiferromagnetic S0,
respectively. The L5 structure is weakly ferromagnetic,
presumably due to neglect of quantum critical fluctua-
tions in the LDA. x = 0.2 is on the borderline between
these two states, i.e. it is in a long octahedra structure
intermediate between L0 and L5, is on the verge of the
long to short crossover. The L0 FS is complex due to zone
folding and lowered symmetry, but, it has two contribu-
tions, heavy bands (H), that do not contribute to trans-
port and an itinerant component. The H-FS is strongly
affected by magnetic ordering, seen in a reduction by a
factor of more than 2 in the EFG (to -2.3x1021 V/m2)
when ferromagnetic, showing a change in orbital popula-
tion. This is accompanied by a large change in the den-
sity of states: N(EF )=2.5 eV
−1 per Ru per spin (para-
magnetic) 1.3 eV−1 (majority) and 2.9 eV−1 (minority),
even though the in-plane transport function Nv2x, which
reflects the itinerant sheets, is the same to better than
10% for the paramagnetic, ferromagnetic majority and
ferromagnetic minority FS’s. If the situation is the same
at x=0.2 as expected, the implication is that at the meta-
magnetic transition the heavy part of the FS is removed
for majority carriers, consistent with the experimental
results.
In summary, the Fermi surface of the Ca2−xSrxRuO4
system is strongly dependent on x. The anomalous po-
lar AMRO and the severe field-induced Fermi surface
reconstruction observed at the metamagnetic transition
of x = 0.2, could be evidence for localized d-electronic
states within the metallic phase seen for 0.2 ≤ x ≤ 0.5.
This possibility is supported by our LDA calculations and
is consistent with the predictions of the orbital-selective
Mott-transition scenario.
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